Background-Montmorillonite is a type of nanoclay that originates from the clay fraction of the soil and is incorporated into polymers to form nanocomposites with enhanced mechanical strength, barrier, and flammability properties used for food packaging, automotive, and medical devices. However, with implementation in such consumer applications, the interaction of montmorillonite-based composites or derived byproducts with biological systems needs to be investigated.
Introduction
Nanotechnology is quickly establishing itself as the next revolution in commercial and industrial products, with about one third of all produced engineered nanomaterials to occur within the U.S. [1, 2] . Naturally occurring montmorillonite nanoclays [3, 4] are readily available, negatively charged [5] , low cost [6] , and consist of aluminum or magnesium octahedral sheets sandwiched between two silica-oxygen tetrahedral sheets. Isolated from the clay fraction of the soil [7] , nanoclays are currently used as sorbents in the treatment of waste water or hazardous spills [8] , or as media for oil well drilling [9] , paints [10] , and cosmetics [11] . Functionalization with organic modifiers via an ion exchange reaction confers montmorillonite increased basal spacing and separation between its platelets [4, 12] as well as better mixing ability, and facilitates its interactions with hydrophobic polymers [3, 4, 13] . Complementary, its high aspect ratio [5] ensures better reinforcement within the polymeric plane itself [14] by enhancing polymer's properties at a fairly low silicate content [13] and leading to the formation of nanoclay-polymer-based composites with increased mechanical strength [3, 14] , barrier properties [3, 15] , UV dispersion [15] , and fire resistance capabilities [3, 16] , to be used for food packaging [17, 18] , automotive [19, 20] , medical devices [21, 22] , and for coatings-related applications [23, 24] .
With nanoclay or nanoclay-plastic composites wide implementation [25] , analyses of potential risks of these nanomaterials to exposed workers lung's health have started to emerge. As such, recent studies aiming to unravel the nanoclay toxicological profiles showed that its high aspect ratio resulted from its platelet thickness of about 1 nm and length and width of up to several microns [5] , has led to increased cellular uptake and interactions [26] . While such in vitro analyses allowed for elimination of animal subjects, lower processing time, and cost effectiveness [27, 28] , they rely on usage of synthetic compounds such as tetrazolium salts (MTT) to measure mitochondrial reduction/cellular viability for instance [28] . Specific results based on such analyses revealed that cellular exposure to nanoclays lead to mitochondrial damage [29] [30] [31] , decreased cellular proliferation [32] , reactive oxygen species (ROS) generation [29, 31] , as well as membrane [29, 33] and DNA damage [30, 34, 35] , with the type and range of toxicity being dependent on the cell model being used, the dosage, and the organic modifier functionalizing the nanoclay, respectively [5] . However, based on our knowledge no analyses are currently available to report the toxicological profiles of nanoclays upon the end of composite life cycle [26, 36] . High temperatures, oxidation, reduction, and potential chemical reactions occurring during the incineration process normally used for composites disposal [37] could induce physical and chemical changes [38] and lead to increased reactivities of the resulting nanoclay-resulting byproducts. Further, previous analyses on other types of nanomaterials have showed that single-walled carbon nanotubes (SWCNTs), carbon black nanoparticles, fullerenes, and silica for instance, all interact with indicator dyes such as the MTT by binding to the formazan crystals and making them insoluble and thus creating false positives [27, 39, 40] . Additionally, the high adsorptive capacities of nanomaterials due to their large surface per unit mass have shown interferences with annexin V/PI binding, ELISA, and ROS assays [27, 28] . Finally, Casey et al. found considerable variation in the toxicity of carbon nanomaterials on human alveolar carcinoma cells (A549) from MTT, Commassie Blue, Neutral Red, and WST-1 assays, all of which help indicate cellular viability [41] .
Given the complex effects of nanoclays on increased cellular instability, previous research showing possible interference between nanomaterials in general and the assays being used, and lastly, given that smaller particles resulting from incineration are more likely to escape filters [37] and travel greater distances through the air by Brownian diffusion [26] leading to deeper inhalation, larger sedimentation and diffusion rates into the lungs [26, 42] , it is important that we perform a systemic analysis to assess how parallel exposures to nanoclay or byproducts resulted during their manipulation, handling, and disposal affects cellular systems' fate. Such tests should be cheap, not time intensive [43] or invasive [43] , and provide results in real-time in contrast with discrete time points currently achieved through the standard assays named above [44, 45] . Further, such assays should be high throughput and should have the ability to provide accurate evaluations that avoid the artifacts known to result from the interaction of nanomaterials with dyes or chemical compounds normally found in standard assays [39] [40] [41] .
Herein we propose to assess toxicological profiles of nanoclays, both during the duration as well as at the end of their life cycle. Further, to eliminate the concern associated with using standardized single point assays and chemical compounds interference, we propose to use an electrical cell-substrate impedance sensing (ECIS) previously applied to monitor changes in cell adherence, proliferation, motility, and morphology. Our analyses will allow quantitative measurements, at a nanoscale resolution, and in a noninvasive, real-time manner [44] [45] [46] [47] to establish whether nanoclays and their thermally degraded byproducts are leading to cellular changes when exposed to model target inhalation systems at an occupationally relevant dose for particles otherwise not regulated [48, 49] . Exploitation of our findings can further advance implementation of nanoclays or nanoclay-polymer-based composites in "safe-bydesign" consumer-based applications, as well as confirm that ECIS has the potential to be a powerful tool for quickly, efficiently, and non-invasively determining toxicity of a large variety of nanomaterials.
Experimental

Nanoclay preparation
Raw (as received) Cloisite Na + (UC) and Cloisite 30B (CC) were obtained from Southern Clay Products (Gonzales). Cloisite Na + is an unmodified montmorillonite while Cloisite 30B is organically modified via an ion-exchange reaction (per the manufacturer specifications) with methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium at a concentration of 90 meq/100 g clay [4, 5] .
Thermal degradation
UC and CC samples were thermally degraded using a TGA701 Thermogravimetric Analyzer from LECO to mimic the end of life cycle. In order to determine the moisture content of the samples, around 0.5 g of each of the samples was heated in nitrogen at a rate of 6 °C/min and in a range of temperatures from 25 °C to 105 °C. To determine the volatile content, the samples were heated from 105 °C to 950 °C in nitrogen at a rate of 43 °C/min. Finally, to determine the ash content, the samples were heated from 550 °C to 900 °C in oxygen at a rate of 15 °C/min. The resulted ash was collected to serve as a model of the byproducts resulted from incineration i.e., thermally degraded Cloisite Na + (UC900) and thermally degraded Cloisite 30B (CC900), respectively.
Material characterization
Chemical composition of the samples (i.e., unsterile and sterilized clays, and their thermally degraded byproducts) was determined using Fourier Transform Infrared Spectroscopy (FTIR, Digilab FTS 7000) equipped with diamond Attenuated Total Reflection (ATR). Unsterile and samples sterilized under UV for 30 min were investigated to compare whether the sterilization, otherwise necessary for further biological-based studies, changes the physical and chemical properties of the nanoclays. Scans were collected in the range of 4000-400 cm −1 at a resolution of 4 cm −1 ; a total of 100 scans were co-added to form the final spectrum for each of the samples.
Surface morphology and elemental composition of the samples were investigated using a Hitachi S-4700 Field Emission Scanning Electron Microscope (SEM, Hitachi HighTechnologies Corporation) equipped with an energy dispersive X-ray spectroscopy (EDX). Surface morphology was examined at 5.0 kV while elemental composition was determined at 20.0 kV. For the analyses, dry powder samples were mounted onto a carbon tape and then sputter coated for 10 s in a vacuum injected with argon using a gold/palladium target. The argon atoms were ionized and collided with the gold/palladium target, causing the metal ions to deposit on the sample in a thin conductive layer of about 3 nm as calculated using the equation d = KIVt, where d is thickness, k is a constant value of 0.17, I is plasma current, V is voltage, and t is the time.
The size distribution of the samples was determined by dynamic light scattering (DLS) via the Mastersizer 2000 with a Hydro 2000S accessory (Malvern Instruments). For this, solutions of UC, CC, UC900, or CC900 dispersed and bath sonicated in cell culture media (Dulbecco's Modified Eagle Medium: DMEM) containing 5% fetal bovine serum (FBS) or in phosphate buffered saline (PBS) were dropped into the Hydro 2000S until laser obscuration was within 10-20% (all reagents were purchased from Life Technologies). The size analysis was performed 3 consecutive times with a stirrer speed of 1750 rpm and under continuous sonication.
Samples' sedimentation studies were performed by tracking changes in absorbance upon different incubation times when using an Evolution 300 UV-VIS spectrophotometer (Thermo Scientific). Briefly, concentrations of 100 μg/ml of UC, CC, UC900, and CC900 were prepared in media as described above. The maximum absorbance of each sample was obtained by scanning the absorbance in the 400-1100 nm range. Sedimentation was determined by measuring the changes in absorbance of each solution at the obtained maximum absorbance of 560 nm after 0, 0.5, 1, 2, 3, 4, 5, and 6 h incubation in media respectively, with media serving as the blank at each time point.
Cell culture
Immortalized human bronchial epithelial cells (BEAS-2B) were cultured in media containing 1% L-glutamine, and 1% penicillin-streptomycin (all reagents were purchased from Life Technologies). The cells were passaged regularly using 0.25% trypsin (Invitrogen) and incubated at 37 °C, 5% CO 2 and 80% relative humidity. Before each experiment cells were grown to a confluent monolayer.
Electrical cell-substrate impedance testing
Real-time measurements of cellular resistance and attachment were performed using an electrical cell-substrate impedance sensing instrument (ECIS-ZΘ, Applied Biophysics). For the cellular studies, a 96 well plate (96W10idf) that contained inter-digitated finger connection electrodes covering an area of 3.985 mm 2 of each well was used. Before addition of the cells, the electrodes were stabilized for 2 h with 200 μl media to minimize electrode drift during the experiment. After stabilization the cells were added at a density of 1.50E + 05 cells/ml in a volume of 150 μl/well. The cells were allowed to grow for 24 h until they reached a confluent monolayer, as indicated by a constant level resistance [50] . After 24 h, 100 μg/ml of UC, CC, UC900, or CC900 (unsterilized) dispersed in media was added to their respective wells; cells in media served as the control. Subsequently, 24 h after treatment, the media was removed and the cells were washed 2 times with PBS. Fresh media was added to all of the wells, and the recovery of the cells was monitored for 48 h.
Live cell count
BEAS-2B cells were seeded in a 12 well plate (Thermo Scientific) at a density of 2.0E + 05 cells/ml. After 24 h, the cells were treated with UC, CC, or thermally degraded byproducts at a dose of 100 μg/ml. Before addition to the respective wells, each of the samples was sonicated for 8-10 min in media in a bath sonicator (2510 Branson); cells in only media served as controls. Twenty-four, 48, and 72 h post exposure to UC, CC, or thermally degraded byproducts, the cells were trypsinized and stained with 0.4% trypan blue solution (Invitrogen). Subsequently, 10 μl of the sample containing the stained cells was added to a hemocytometer, and the number of cells in the 4 outer grids was counted through the use of the Leica DM IL optical microscope (Leica Microsystems) using a 10× objective. Analyses of cellular proliferation after exposure to UC, CC, UC900, and CC900, along with their sterilized counterparts, respectively were performed through direct live cell counts to eliminate concerns associated with false positive as resulted from the similar sizes of the cells and clay suspensions.
Cellular viability
BEAS-2B cells were seeded in a 96 well plate (Thermo Scientific); 2.0E + 05 cells/ml were used. After 24 h, 100 μg/ml of UC, CC, UC900, or CC900 (unsterilized and sterilized) dispersed in media was added to their respective wells while cells in media served as control samples. The 4-[3-(4-idophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate known as WST-1 assay (Roche) was used to determine cellular viability as a change in color produced when cellular dehydrogenases reduced WST-1 to formazan [51] . The color change is known to be directly correlated with the number of metabolically active cells [51] . Briefly, after 24, 48, and 72 h of exposure, 10 μl of WST was added to the wells. Cells (exposed and control) were incubated for 2.5 h and changes in their absorbances were evaluated using a FLUOstar OPTIMA plate reader (BMG LABTECH) and 485 nm absorbance. Media, UC + media, CC + media, UC900 + media, and CC900 + media (unsterilized and sterilized) served as blanks and resulted absorbance values were subtracted from the cellular measurements counterparts.
Cell imaging
BEAS-2B cells were seeded on glass coverslips in a 12 well plate at a density of 1.5E + 05 cells/ml overnight. The cells were subsequently exposed to 100 μg/ml of UC, CC, UC900, or CC900 (unsterilized) dispersed in media. After 24 h, the media was removed and the cells were washed two times with Hank's Balanced Salt Solution (HBSS) (Corning), fixed with 4% formaldehyde (Sigma-Aldrich) for 15 min at 37 °C, and subsequently washed 3× with HBSS to remove any remaining formaldehyde. The cells plasma membrane and nuclei were then stained with 3 μg/ml Alexa Fluor 594 wheat germ agglutinin (WGA) and 2 μM Hoechst 33342 (Image-iT LIVE Plasma Membrane and Nuclear Labeling Kit, Life Technologies) in HBSS for 10 min at 4 °C. After incubation, cells were washed 2× with HBSS, mounted on glass coverslips, and imaged under a Nikon Inverted Microscope Eclipse Ti Series using a 40× objective. The NIS-Elements BR 3.1 software was used to define and analyze the size and morphology of cells. Around 75 cells per treatment were considered to allow for 375 cell measurements per replicate; a total of 3 replicates were used.
Statistical analyses
All cellular experiments were repeated at least 6 times for all samples, with the exception of cell imaging which was repeated 3 times for unsterilized clay samples and ECIS which was repeated 4 times for unsterilized clay samples. All tables are presented as the average value with (±) SD values. All graphs are presented as the mean value of the number of indicated replicates with (±) SE bars. Significance was determined by one-or two-way analysis of variance ANOVA with p < 0.05* indicating significance; a post-hoc test was also run to identify which groups were different from each other if statistical differences were recorded.
Results and discussion
We aimed to investigate the toxicological profiles of as received pristine and organically modified nanoclays and their thermally degraded, end of life cycle byproducts using nondestructive and high throughput real-time electroanalytical approaches [44, 46, 47] . Cloisite Na + (UC), a pristine montmorillonite, and Cloisite 30B (CC), an organically modified montmorillonite frequently used in food packaging [17, 18] and medical industry [21] , were used as testing materials to mimic potential human inhalation exposure during nanocomposites manufacturing and usage, while thermally degraded forms of these nanoclays, i.e., Cloisite Na + (UC900) and Cloisite 30B (CC900), were used to mimic the municipal solid waste incineration disposal environment generated at the product-based nanoclay end of life cycle.
Nanoclays and their thermally degraded byproduct characterization
First, to mimic the incineration conditions of pristine (UC) or organically modified nanoclay (CC) and thus generate end of life cycle nanoclay byproducts, thermogravimetric analysis (TGA) was used. Briefly, samples degraded under temperatures ranging from 25 to 950 °C allowed moisture, volatile, fixed carbon content, and ash content identifications (Table 1) . If initially UC had a greater weight loss, with about 20% weight loss by 105 °C and 5% more in the 105 to 800 °C temperature range, CC experienced the vast majority of its weight loss (about 30%) in the 105 to 800 °C temperature range (Fig. 1a) [30] . Further, a significant higher volatile and ash content were observed for CC relative to the pristine sample, presumably resulted from the functionalization of CC with methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium (per the manufacturer's specifications).
Differences in chemical composition between UC, CC, and their thermally degraded byproducts were confirmed using Fourier transform infrared spectroscopy (FTIR) and are shown in Fig. 1b . Both clays revealed the characteristic peaks indicative of the Si-O-Si stretching vibration of silicate [29, 52] at 1000 cm −1 and of the Al-OH-Al deformation of aluminates [29, 53] at 900 cm −1 respectively, while peak shifting was observed after their thermal degradation. The peak around 840 cm −1 was a result of the deformation of the OH linked to Al 3− and Mg 2− [53] while the peak around 630 cm −1 was associated with the out of plane vibration of the Al-O group [54, 55] . Complementarily, UC900 had an additional peak around 640 cm −1 presumably due to Si-O-Si bending [53] while CC900 no longer retained the peaks normally present in its CC form at 2920, 2850, and 720 cm −1 respectively, thus confirming the degradation of the organic modifier [56] . Such peaks were likely resulted from the asymmetric or symmetric stretching of the C-H groups included in methylene groups or alkane rock of CH 2 for alkanes with 7 or more carbons, respectively [29, 53] as supported from the incorporation of the methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium organic modifier during the nanoclay processing [29, 53] . Molecular composition of UC, CC, and their thermally degraded counterparts was not changed after UV sterilization (Supplementary information Fig. S1 ).
Scanning Electron Microscopy (SEM) allowed surface morphologies analyses of the as received and end of life cycle samples (Fig. 2) . Generally, UC appeared to have less layering and smoother edges relative to CC (Fig. 2a, b) ; similarly, UC900 and CC900 existed in agglomerated forms however, they displayed a fairly uniform surface with smooth edges for UC900 (Fig. 2c) and a more fragmented surface with platelets jutting out for CC900 (Fig.  2d) . The observed changes in morphology from pristine nanoclay to thermally degraded nanoclay could be due to both the dehydroxylation of the crystal lattice structure of montmorillonite that occurs around 700 °C [56] as well as from the presence of the organic modifier which causes an increase in the nanoclay's basal spacing [57] and thus possible differences in the platelet structure breakdown during thermal degradation. UV sterilization did not produce significant changes in the surface morphology of UC, CC, or their thermally degraded byproducts (Supplementary information Fig. S2a-d ).
UC and CC differed significantly in their elemental composition as determined by energy dispersive X-ray (EDX) spectroscopy (Fig. 2e) . Specifically, CC showed a higher weight percent of carbon and a lower weight percent of sodium, both relative to UC, thus confirming the modification with the organic modifier [58] . After thermal degradation however, the weight percent of carbon decreased significantly for CC900, while the weight percent of magnesium, aluminum, and silicon increased; further, no sodium was observed. Complementarily, no significant differences were observed between the elemental composition of UC and its thermally degraded byproduct, UC900. The lower amount of carbon present in CC900 versus CC, as well as the fact that there was no longer a carbon difference between the two forms of thermally degraded clay is consistent with the previous studies and confirms the loss of the organic modifier after sample thermal degradation [56] . Analyses also showed that the elemental composition of UC, CC, and their thermally degraded counterparts was not affected by UV sterilization (Supplementary information Fig.  S2e ).
All of the samples displayed size distributions in the micrometer range upon sonication in either cellular media (Table 2) or phosphate buffered saline (PBS; Table 3 ), indicating that samples formed agglomerates. Agglomerate's size distribution was a function of the sample's chemical signature (Fig. 3) , with cell culture media with 5% serum containing appropriate cell growth proteins favoring larger agglomerates formation than PBS alone, likely due to the interactions of the clays with the proteins in the media forming coronas [59, 60] . Interestingly, analyses showed that CC displayed smaller diameter sizes in both media and PBS relative to the other three samples, likely due to the presence of the organic modifier (Fig. 3a, c) . Contrary, thermally degraded samples of CC900 formed larger conglomerates relative to their non-degraded counterparts presumably due to their reduction of OH contents, with a 35% and 36% increase in size for CC900 in media and PBS, respectively, relative to CC (Fig. 3b, d) . Table S1 and S2 and Fig. S3a-d (both in Supplementary information) display particle diameter sizes based upon % volume, with results confirming that while there were a greater number of small sized particles, the larger sized particles were taking up more volume. Sedimentation analysis showed that all of the samples had around 85% or more particles settled by 6 h (Supplementary information Fig.  S4) , with the samples experiencing the greatest sedimentation within the first 3 h.
The measured clay or thermally degraded byproduct sizes were similar to those found in manufacturing and disposal environments [61] . Specifically, manufacturing workplaces showed particle sizes from around 2.3 nm to 50 μm [62, 63] . Further, the fly ash from incinerators was shown to display particles of size distributions ranging from 1 nm to 1000 μm, with a large fraction of such particles being under 100 μm [37, 64, 65] . This is in contrast with bottom ash [64, 65] which was generally shown to contain larger particles normally ranging from around 250 μm to >8 mm, though the majority of the bottom ash was around 2-8 mm [65] .
Evaluate cellular behavior upon exposure to nanoclays or thermally degraded byproducts
Changes in cell-induced impedance signals were used to evaluate the characteristics of epithelial lung cells before and after exposure to as received pristine, organically modified, and end of life cycle nanoclay byproducts, as well as cellular ability to recover from any potential deleterious effects. Specifically, electric cell-substrate impedance sensing (ECIS) quantified changes in cell-substrate interactions and cell morphology, in real-time and noninvasively, all after exposure of human bronchial epithelial cells (BEAS-2B) to 100 μg/ml doses of the above-characterized samples. ECIS was previously used to monitor the morphology, attachment, and movement of cells [46, 47] , while BEAS-2Bs were previously used as model systems to mimic inhalation toxicity [66] . Previous studies have showed that the size of particles greatly influences their translocation in biological systems, with particles below 2.5 μm reaching the alveoli [42] and larger ones likely affecting cells in the upper airways [42] . Another study showed that the platelet-shaped particle with a projected area diameter up to 25 μm and thickness up to 0.1 μm is able to be respired and deposited in the lungs [67] . BEAS-2B epithelial cells were shown to serve as the first line of defense when a material is introduced into the human lung by respiration. The dose was chosen to represent a 6-year working lifetime, based on 8 h/day and 50 weeks/year as derived from particle deposition studies in rat lungs or computer modeling involving variables related to particle characteristics and lung characteristics of humans, respectively [49, 68] .
For analysis, the BEAS-2B cells were seeded onto the ECIS chambers and exposed to clays or end of life cycle clay-based byproducts for 24 h (Fig. 4 , Region A and Region B, respectively). To assess cellular recovery after clay or byproduct-based treatment, the clays and byproducts were removed and cellular behavior was recorded in real-time for another 48 h, using 4000 Hz (Fig. 4, Region C) . The chosen frequency allows for resistance evaluation without effects on cell's plasma membrane [69] . Further, at this frequency, previous analyses have showed that the impedance is dependent on the cell bodies, whereas at the lower or higher frequencies, parameters such as impedance of the electrode/electrolyte interface or the medium, and the constriction resistance of the working electrode dominate the impedance measurements [70] .
Our results showed that the resistance of cells treated with the clay or byproduct dropped when compared to the control (Fig. 4a) ; in particular, CC showed the greatest drop in resistance, with an almost complete loss after 6 h of treatment (Region B). Upon 24 h of treatment and removal of the clays or end of life cycle byproducts, cells treated with UC, UC900, and CC900 were able to regain/maintain their resistance values (Region C). Further, the trends in resistance were similar for both UC and UC900, and slightly lower for CC900; no regain in resistance was however recorded for cells exposed to CC.
Mechanisms responsible for nanoclays or thermally degraded byproduct cellular changes
Previous analysis have showed that a drop in resistance could be associated with changes in cell-substrate interactions [71] , in cell viability and proliferation [72] , or in cell shape as resulted from cell death, since flatter, more spread cells are responsible for higher resistance than rounder or apoptotic cells [46, 47] . Complementary, complete loss in resistance was shown to be due to cell death and detachment from the electrode [71] .
To evaluate the first, namely whether cells exposed to nanoclays show changes in cellsubstrate interactions, we used the ECIS's α parameter which details the current through the ventral surfaces of the cells and electrodes [73] (Fig. 4b) . Indeed, while CC showed a complete loss in cell-substrate interaction within the course of the study time, cells treated with UC showed a decrease in α relative to the control cells within Region B, however, after clay removal, they maintained their cell-substrate interaction (Region C). Complementary, UC900 and CC900 had similar α values relative to the control, thus indicating that interactions between the cells and the substrate were maintained; however, resistance was lower for both relative to the control, possibly indicating that changes to the cell morphology had occurred. CC900 also showed an increase in the α parameter within the 48 h post treatment removal (Region C) confirming cell recovery.
To evaluate the second, namely whether changes in resistance are due to decreases in cellular viability and proliferation, we used cellular assays. Indeed, analyses showed that UC and CC displayed significant decreases, with CC causing a time-dependent decrease in cellular proliferation and viability over 72 h of exposure, relative to the control, UC, and the thermally degraded byproducts. Similar results were obtained by Maisanaba et al. who showed decreases in cellular viability in a time dependent manner at doses above 3.91 μg/ml upon treatment with CC of the human colon cell line, Caco-2 [31] . UC900 and CC900 showed a more varied response in both live cell counts and cellular viability relative to their non-degraded counterparts. In particular, UC900 had a significant decrease in live cell count (Fig. 5a) , while no significant decreases in cellular viability were obtained for the thermally degraded clays, both relative to the control (Fig. 5b) . CC900 displayed an increase in cellular proliferation at 72 h relative to 48 h and further confirmed the observed Region C changes in the α parameter. The ability of CC900 to display increased proliferation, may hint at its potential to produce effects similar to carcinogen carbon black; a complementary study noted for instance that carbon black caused an increase in epithelial cell proliferation, as well as increases in mutation frequency in these cells, therefore hinting at an increased prevalence of cancer incidence upon such exposures [74] . No significant differences were obtained between UC and UC900 and overall there were no major differences between sterilized and unsterilized nanoclays (Fig. S5a, b) . Verma et al. complement our results on as received nanoclays by showing differences in toxicity in A549 cells based on the clay morphology, with platelet type nanoclays showing lower cell numbers relative to the tubular type, as well as varying toxicity between the platelet types [32] .
To evaluate the last, namely whether changes in cell shape were correlated with the ECIS results, cellular imaging was used. Indeed, analysis showed that all of the clays and thermally degraded byproducts altered cellular shape and size, as well as cell confluence (Fig. 6a-e) . For instance, the exposed cells displayed abnormal cell shapes with a more stretched and altered profile away from the more oval shape of the control cells. Further, the membranes of the cells exposed to UC900 and CC900 did not appear as distinct as those of the control cells and further, the integrity of the exposed cell monolayer seemed compromised. Moreover, treatment with UC and CC caused significant decreases in the area of the cells relative to the control therefore further confirming the ECIS results (Fig. 6f); i.e., smaller cells would be taking up less room on the electrode, causing for more current to pass through and thus a lower resistance as shown by ECIS. Further, the dramatic loss of resistance and α shown for cells treated with CC along with the circular shape observed while imaging, show that alterations are likely occurring in cells' morphology as a first step towards cell transformation.
The larger effect observed for CC is presumably due to the presence of its organic modifier known to induce toxicity [30, 31, 35] through decreases in cellular proliferation [32] , as well as membrane changes [29, 33] and DNA damage [30, 34, 35] . It is our hypothesis that the route of the displayed toxicity of cells treated with CC could be through alteration of the cytoskeleton, causing for the observed decreases in resistance and α. Specifically, previous analysis for instance have shown that circular cells have lost their ability to attach to the substrate (electrode), as well as to other cells eventually leading to and/or serving as a signal of cell death [75, 76] . Such changes in morphology are known to be occurring due to cytoskeleton reorganization [76] with alteration in cytoskeleton [44] leading to changes in cell mechanics [77] , migration [78] , differentiation [79] , and organization [80] . While UC900 and CC900 did not experience as much a loss in the α parameter relative to the as received clays, they still showed decreases in resistance, possibly associated with reduced membrane integrity as observed in cellular imaging. Such changes in cell morphology, structure, and cell-substrate interactions may eventually lead to loss of cell-cell signaling [76, 81] .
Previously, the presence of the organic modifier in clays was associated to greater toxicity [29] [30] [31] 35, 82] . Janer et al. for instance tested dose-response (<500 μg/ml) of 5 cell lines and 1 primary cell line and found that clays organically modified with dimethyl dihydrogenated tallow ammonium and dimethyl benzyl hydrogenated tallow ammonium respectively had higher cytotoxicity relative to pristine clays [82] . When testing the modifier, quaternary ammonium compound (QAC), Sharma et al. found that the QAC had the same effect as the coated clay on the genotoxicity of Caco-2 cells, suggesting that the toxic effects were due to QAC [35] . Further, one study by Yoshida et al. found that organically modified silica particles coated with amine or carboxyl groups reduced the amount of reactive oxygen generation in HaCaT and TLR-1 cells. They also observed reduced DNA damage in HaCaT cells all relative to the unmodified silica particle, showing that the type of organic modifier and not just its presence plays a key role in toxicity [83] .
While the full picture of the mechanistic toxicity of the nanoclays or end of life byproducts is still undergoing, to our knowledge, these are the first studies to identify toxicological profiles associated with cellular exposure to clay byproducts using a non-invasive and realtime cellular based platform. Further, while in our study we evaluated 4 different samples, one could envision creating a combinatorial assay to allow for profile identification based on both sample as well as cellular characteristics thus extending the flexibility of this experimental set-up for toxicity evaluation of a large variety of nanomaterials, all in realtime and in a high-throughput fashion.
Conclusions
ECIS provided new means to identify the toxicity profiles of clays or byproducts, in a noninvasive, high-throughput, and real-time manner. Specifically, the morphological, behavioral, and viability changes observed in BEAS-2B cells after treatment with as received clay or thermally degraded byproducts show that such samples have the potential to produce toxic effects when used both in manufacturing or disposal environments. Organically modified nanoclay, CC, had the greatest toxic effects, with large losses in cell-substrate and cell-cell interactions and near maximal cell population loss by 72 h. Contrary, its thermally degraded byproduct, CC900, induced cell proliferation possibly hinting to similar toxic profiles to known carcinogen carbon black. UC, and its thermally degraded counterpart, UC900, displayed less significant toxic effects.
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